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ABSTRACT 
The positron lifetime measurements have been performed as a function of temperature for liquid 

methane and propane and as a function of magnetic field for liquid argon. The long o-Ps lifetime, high 
o-Ps intensity, and a strong temperature dependence of these values are observed, and interpreted as 
being due to the Ps localization in the bubble state. The bubble size and surface tension are evaluated 
using bubble model and o-Ps lifetime. The chemical reaction of Ps atom with oxygen impurities was 
studied. The reaction rate K, and its temperature behavior in liquid methane and propane were 
obtained. The results of magnetic field experiments in both pure and oxygen-added liquid argon show 
that the lifetime of o-Ps with magnetic quantum number m=O state decreases basically according to the 
normal Zeeman effect. 

I. Introduction 

In recent years, there has been a growing interest in the study of the behavior of Positronium (Ps), 
the bound state of a positron and an electron, in liquid system"". The Ps atom is found to be localized 
in a microscopic cavity, called a Ps bubble state. The bubble model was f is t  suggested by  erre ell'^' to 
explain an unexpectedly long o-Ps lifetime in liquid helium. The bubble radius was determined by a 
balance between the outward pressure caused by the Ps zero-point motion and the shrinking forces due 
to surface tension and external pressure. In the presence of a chemically reactive species, the o-Ps 
lifetime is significantly reduced by a process called chemical quenching-The strength of chemical 
quenching depends on the chemical and physical properties of the molecules. The application of static 
magnetic field causes a mixing of p-Ps and the o-Ps with m=O states and changes their annihilation 
parameters. Along this line of work, the liquid Ar is a special system. In absence of magnetic field, the 
p-Ps intensity measured by ACAR is not equal to 113 of o-Ps intensity existing reported by positron 
lifetime experiments[']. This discrepancy remains unresolved for many years. For magnetic quenching 
experiments, the ACAR results show an unexpected small increase of the narrow componentr4'. In this 
paper, we report the results of positron lifetime measurements in high purity liquid C&, C;H, and Ar 
to study the Ps bubble state, chemical reaction, and magnetic quenching. 
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11. Experiments 

The research grade gas (CH,, GH, or Ar) was first passed through a purifier to reduce oxygen and 
other impurities to less than 1 ppm and then condensed to solid ( CH, and GH, ) or liquid ( Ar ) in a 
sample cell made of aluminum which was mounted on a cool head of closed-cycle He refrigerator with 
a temperature control better than + 0.1K over a range from 10 to 300 K. For oxygen quenching 
experiments, the oxygen and pure gas were first mixed in the gas line and then condensed . A = ~ a  
positron source, which sealed between two thin A1 foils (6pm) was used in the liquid experiments. The 
positron lifetime measurements were performed using conventional fast-fast coincident system. For 
magnetic quenching, the scintillators and magnetically shield photomultiplier were separated by lucite 
light pipes (18 inch) in order to eliminate the effect of magnetic field. The time resolution of the 
system was 280 ps for temperature experiments and 400 ps for magnetic quenching. 

We measured the positron lifetime spectra as a function of temperature for liquid CH, and GH,, and 
as a function of magnetic field ranging from 0 to 2.0 T for liquid Ar. The lifetime spectra were 
analyzed using the PATFIT computer programp'. In absence of magnetic field, three lifetime 
components were resolved, and the T~,$,G are assigned to p-Ps, positron and o-Ps annihilation 
,respectively. For liquid Ar, in the presence of magnetic field, the spectra were analyzed by four 
components by constraining the longest lifetime z,% of liquid Ar at zero field due to the annihilation 
of o-Ps with m=f l and IJI,=lR according to the population of ground states of o-Ps. A source 
correction was made in data analysis. 

111. Results and Discussions 

1. Ps-bubble State 
Positron lifetime measurement has been provided a wealth of useful information concerning bubble 

formation in high purity liquid. A sharp transition from solid to liquid was observed[61, i.e., from 2.3 to 
4.8 ns, 1.2 to 2.9 ns and 2.4 to 5.0 ns for high purity liquid CH,, (;Ha and Ar, respectively. The results 
indicated that the annihilation sites of Ps in liquid are different from that in solid. The Ps is believed to 
localized in bubble state which is a result of strong exchange repulsion between the electron of Ps and 
the tightly bound electron in the medium. 

The temperature dependencies of o-Ps lifetime and intensity of liquid CH, and GH, were shown by 
solid cycles in Fig.1-2, and Fig.3-4, respectively. From Fig.1 and Fig.3, the o-Ps lifetimes increase 
with the increasing temperature, i.e. from 4.8 to 6.4 ns for CH, and from 2.9 to 3.8 ns for GH,. 
However, the variations of o-Ps intensities shown in Fig.2 and Fig.4 have different trend, i.e. while the 
temperature increased, the o-Ps intensity of liquid CH, is nearly constant, but a slight increase of o-Ps 
intensity was observed for liquid GH,. The reason may be the different physical properties in liquids 
CH, and GH,. According to the Ps bubble model and measured o-Ps lifetime, the surface tension and 
bubble size in liquid CH, are evaluated and shown in Table 1 along with other physical parametersr6]. 

Finally, we have measured positron lifetime spectra in liquid Ar at 86 K and solid Ar at 60 K. In 
solid Ar, we obsemed a I, of 8.77% with a 5=2.38 ns, which agree with the existing reported results 
[7,8]. However, in liquid Ar, we observed a large value of 13=24.48%, which agrees with the estimated 
value of 13=22 2 4% by ACAR measurementt", while the existing lifetime results show only in the 
order of 10%. The large difference of o-Ps intensity between the present work and the existing results 
is thought due to the presence of impurity in the Ar sample. 
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Fig.1 The variations of o-Ps lifetime 
with temperature in pure ( 0 )  

and %-added ( o ) liquid CH4 

Fig.2 The variations of o-Ps intensity 
with temperature in pure ( 0 )  

and 02-added ( 0) liquid 

Fig.3 The variations of o-Ps lifetime Fig.4 The variations of o-Ps intensity 
with temperature in pure f a )  with temperature in pure ( 0 )  

and 02-added (0 1 liquid 5% and 9-added (o ) liquid C& 
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Table 1. The bubble radius (R) and surface tension (y) for liquid methane 

Density Pressure 
T(K) 'k(ns> (g~rn-~)  (Torr) R(A) y(dyn cm-') 

2.Chemical Reaction with Oxygen 
Oxygen is known as an effective chemical quencher. We measured the positron lifetime spectra as a 

function of temperature for liquid CH, and GH, containing 6.875~10-~ Mol and 6 . 0 ~ 1 0 - ~  Mol oxygen, 
/ respectively. The results of o-PS annihilation parameters are also shown in Fig.1-4 by the cycles. We 

found that the effects of oxygen quenching on o-Ps annihilation parameter are quite different for liquid 
CH, and C,H,. Furthermore, the reaction rate K, can be evaluated using the following equation[21 

where [MI is the molar concentration of oxygen, and Lo3 and 2, are o-Ps annihilation rates in pure and 
in oxygen-added liquid respectively. One of the most fascinating observations in Ps chemistry is the 
variation of I$, with temperature[91. We plot the In(%) against 1/T in Fig.5-6 for liquid CH, and GH,. 
For liquid CH,, the K, increases with temperature at low temperature, and reaches a maximum value at 
To (loOK), the so-called turnover temperature, then decreases above T > 100K. A normal Arrhenius 
behavior at T < IOOK and opposite that at T > lOOK were observed in Fig.5. So the "normal" and 
"negative" activation energies E,=3.70 KJIMol and E',=-8.68 KJ/Mol were obtained from least square 
fitting of the right and left portions of the curve. For liquid GH,, in the temperature range of 85-210 
K, we only observed the increase of K, with the increasing temperature, and the normal activation 
energy E,=3.28 KJ/Mol was evaluated. 

3. Magnetic Quenching 
Theoretical aspects of magnetic quenching of Ps annihilation have been developed by Halpern 

and by Mills ['OJ1l. The application of magnetic field has no effect on positron nor on o-Ps with m= f 1 
states, but has an effect on p-Ps and o-Ps with m=O states. The annihilation rates hl(H) and &(H) for 
the mixed p-Ps and o-Ps with m=O states as a function of external magnetic field H follow['21: 



0, In L i q u i d  CH,  0, I n  L i q u i d  C,H, 

Fig.5 The plot of In(%$) vs. 1/T in Fig.6 The plot of In(%,) vs. 1/T in 
chemical reactiori for Ps with chemical reaction for Ps with 
oxTrgen in liquid CH: oxygen in liquid Cj% 

Liquid Ar  (86K) Liquid A r  + Oxygen (86K) 

Fig.7 The lifetime of o-Ps with m=O in 
liquid Ar at 86K as a function of 
magnetic field. Thi: solid line is 
theoretical va1u-s fcr ri=l 

Fig.8 The lifetime of o-Ps with m=O in 
9-added liquid A r  at 86K as a 
function of magnetic field. The 
solid line is theoretical value 
for q = l  
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with 

a=(=- l)/x 

where pB is the Bohr magneton, q is used to describe the effect of medium on the Ps wavefunction and 
very close 1 for the Ps trapped in a bubble state, AE is the hyperfine splitting and AEv,c(=8.45x104eV) 
is the vacuum value of AE. Consequently, the measured lifetime spectra contain two distinct o-Ps 
components contributed from o-Ps with m=O, and from o-Ps with m= + 1 states, respectively. The 
lifetime of o-Ps with m=O decreases as a function of magnetic field while the lifetime with m= f 1 
states is unchanged. In four-lifetime analysis, they are designated as 5 and z,, for m=O and m= f 1, 
respectively. The 7, increases slightly but 5 decreases largely with magnetic field according to eqs.(2) 
and (3), respectively. Since 2, only slightly increases from 0.122 to 0.130 ns for the magnetic field 
ranging from 0 to 2.0 T. So we analyzed all lifetime spectra with a fixed value of ~,=0.125 ns. The 
results of 5, the lifetime of o-Ps with m=O state, as a function of magnetic field are plotted in Fig.7. As 
expected, 5 decreases with increasing of the field. The variation of 5 basically follows the theoretical 
value plotted by solid line for q=1. As expected we observe nearly constant values of z, and I,. The 
sum of o-Ps intensities (i.e. I,+I,) is also nearly constant value indicates that the magnetic field has no 
effect on the Ps formation mechanism, at least up to 2.0 T. In oxygen-added liquid Ar, the lifetimes 5 
of o-Ps with m=O state vs H are shown in Fig.8 as a function of magnetic field. The variation of 5 
follows the theoretical prediction for q=1. These results indicate the lifetime of o-Ps with m=O state 
decreases basically according to the normal Zeeman effect. 
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